The multifunctional potyviral helper-component protease (HcPro) transgenic plants more than HcPro did, suggesting that replacement of asparagine in the FRNK box favours RNA silencing suppression. HcPro was found to be distributed in the nucleus and cytoplasm, whereas HcPro N182L was observed only in cytoplasmic inclusion bodies in N.
INTRODUCTION
Viruses are continuously evolving entities, contributing to new variants in natural populations. As a result, viruses quickly evade host defences. Recent studies have revealed that single-stranded positive-sense RNA viruses are the most rapidly evolving viral populations. Highly diverging populations of wheat streak mosaic virus were found in North America with a nucleotide substitution rate of 1.1610 24 (Stenger et al., 2002) . Experiments with rice yellow mottle virus isolates collected over 40 years showed that this RNA plant virus evolves as rapidly as most RNA animal viruses (Fargette et al., 2008) . These rapid changes in viruses with RNA genomes have been attributed to the more error-prone replication of RNA viruses, which lack any proof-reading mechanism (Roossinck, 1997) . It is known that many of the mutations gained are deleterious or lethal for the virus and do not get selected for during evolution (García-Arenal et al.,
2003
). Due to their small genome size, RNA viruses often assign multiple functions to a single protein. Even if the introduced mutations in such proteins are advantageous for one function of the protein, they may not get selected for if other important functions of the same protein are hampered. The evolutionarily conserved domains and motifs of the protein often govern these functions. Although variations in the conserved domains are found in natural virus populations, some particular residues in those domains are invariably conserved.
possesses a papain-like protease activity, which helps in processing this protein from the polyprotein (Govier et al., 1977) . HcPro is also involved in aphid transmission (Atreya & Pirone, 1993; Blanc et al., 1997) , genome amplification (Plisson et al., 2003) , cell-to-cell and long-distance movement (Kasschau et al., 1997) and RNA silencing suppression activity (Anandalakshmi et al., 2000; Fernández et al., 2013) , and interacts with a 20S proteasomal subunit (Ballut et al., 2005; Jin et al., 2007; Sahana et al., 2012) to favour virus establishment. These functions of HcPro are attributed to conserved domains in the N-terminal, the C-terminal and the central region of the protein. The papain-like protease activity of the protein is located in the C-terminal region of the protein, which is conserved in all potyviruses with only a few differences in the amino acid sequence (Guo et al., 2011) . The N-terminal and the central regions have high variability in amino acid sequences. The KITC 54 domain in the N-terminal region has been shown to be involved in aphid transmissibility (Blanc et al., 1997) . Recently this domain also has been shown to have a role in both the interaction with a proteasomal subunit (Sahana et al., 2012) and self-oligomerization of HcPro (Urcuqui-Inchima et al., 1999) .
The most important domain in the central region of the HcPro is the F 180 RNK box, which is involved in multiple functions including genome amplification, RNA silencing suppression and small RNA binding. The substitution of R 181 by I 181 produces attenuated symptoms without affecting the RNA silencing suppression activity (Shiboleth et al., 2007) . Variations in this domain occur to some extent in natural populations of potyviruses, but the asparagine residue (N 182 ) is invariably conserved in all potyviruses. Interestingly, potyviral HcPros show noticeable variation in their RNA silencing suppression activities. In some potyviruses, HcPro has high RNA silencing suppression activity, such as in tobacco etch virus HcPro (Anandalakshmi et al., 2000) and zucchini yellow mosaic virus HcPro (Shiboleth et al., 2007) , but some HcPros have weak RNA silencing suppression activity and may depend more on the neighbouring P1 proteins for a stabilizing effect to function as potent RNA silencing suppressors, such as in potato virus Y HcPro (Tena et al., 2013) and wheat streak mosaic virus HcPro (Stenger et al., 2007) . Studies with 28 HcPro substitution mutants demonstrated that mutations could decrease or increase the RNA silencing suppression activity and emphasized an unexpectedly high frequency of mutation, which conferred hyper-suppressive activity (Torres-Barceló et al., 2008) . One of the ways HcPro interferes in the RNAi pathway is through binding to small RNAs (sRNAs). Earlier studies had shown the role of HcPro in binding duplex sRNAs (Lakatos et al., 2006; Mérai et al., 2006) . Furthermore, it has been demonstrated that the conserved FRNK box in HcPro is a probable point of contact with siRNA and miRNA duplexes and hence influences their accumulation levels and regulatory functions, resulting in developmental effects (Shiboleth et al., 2007) . Artificial variants of the FRNK box of potyviral HcPro have already addressed the functionality of the amino acids of this domain, except the most conserved asparagine (N 182 ) residue. Thus, it is important to investigate the conservation of this asparagine residue in the protein in order to develop strategies for broad-spectrum resistance against potyviruses. In the present study, we have addressed the functional significance of this amino acid in some of the functions of this protein, by creating a mutant HcPro in which the asparagine was changed to a leucine (HcPro N182L ) in papaya ringspot virus (PRSV) HcPro. Our results suggest that the important role of this residue is in small RNA binding, RNA silencing suppression activity and in maintaining cellular localization. We also discuss the possible reason for its conservation in the natural viral population.
RESULTS AND DISCUSSION

HcPro has high sequence variability among potyviruses
The family Potyviridae contains the largest number of RNA plant viruses. HcPro protein sequences of 43 potyviruses show high variability (Fig. 1a) . Despite their high sequence dissimilarity, few protein domains were found to be conserved in all the potyviral HcPro proteins. The central region of the protein showed high variability with some conserved domains like the FRNK box (Fig. 1b) Mutational analysis of the HcPro protein at different conserved domains has provided considerable assistance in uncovering the importance of these domains, as well as of particular amino acids. The FRNK box in the mature HcPro protein has been shown to be important for symptom severity, small RNA binding activity and RNA silencing suppression (Shiboleth et al., 2007) . Although previous studies demonstrated the importance of the aromatic and positively charged amino acids of the domain, the importance of the most conserved and sole hydrophilic asparagine residue of the domain remains unexamined. Therefore, N 182 of HcPro was replaced with leucine (L 182 ) by site-directed mutagenesis and the mutated HcPro was examined for its effects on HcPro self-interaction, siRNA binding, RNA silencing suppression and subcellular distribution.
HcPro
N182L has an altered structure that does not affect protein self-interaction After introduction of the amino acid replacement by sitedirected mutagenesis to create HcPro N182L , the predicted three-dimensional (3D) structure suggests an alteration in the tenth alpha helix near the FRNK domain (Fig. 2a) . Domain analysis suggests the presence of a template (d2fq3a1) belonging to a SWIRM domain, a globular helical domain often associated with nucleic acid binding proteins. This domain structure consists of an a 4 DNA recognition helix, and the flanking loops within the helixturn-helix directly participate in nucleic acid interactions, with asparagine playing an important role (Da et al., 2006) . The predicted change in the a-helix near the FRNK domain in HcPro N182L might contribute toward its affinity for sRNAs, without hindering HcPro-HcPro self-interactions (as shown by yeast two-hybrid assay; Fig. 2b ), required to develop dimeric, tetrameric or multimeric forms in the cell (Ruiz-Ferrer et al., 2005) .
N182L has differential sRNA binding affinity
The bacterially purified native and mutant proteins were assessed for sRNA binding abilities. Gel mobility shift assays indicate that half as much of the mutant HcPro was sufficient to bind the tested sRNA compared with native HcPro, in a protein-sRNA binding assay. HcPro N182L was also found to bind sRNA more rapidly than the native HcPro (Fig. 3a, b) . Thus, these observations suggest a crucial role for HcPro in maintaining sRNA homeostasis in the cell.
The nucleic acid binding capacity of the HcPro protein was first described by Maia & Bernardi (1996) . It was also documented that HcPro could bind single-stranded as well as double-stranded RNA, including double-stranded sRNAs (Mlotshwa et al., 2005; Lakatos et al., 2006) . In some cases, cooperative binding of a suppressor protein and an sRNA ligand has also been observed (González et al., 2010) . The change in the 3D structure of the protein due to the N 182 mutation in the FRNK box could affect the RNA-binding 3-helical bundles, found in the vicinity of the FRNK box, which may trigger the cooperative binding of sRNA, as shown by the in vitro binding experiment.
When the concentration of bound sRNA was plotted against the protein/molar ratio, the mutant protein produced a sigmoidal curve with a Hill coefficient of 2.4 (.1) as compared with native HcPro, which had a Hill coefficient of 0.6 (,1). This pattern shows that the mutant protein had increased the sRNA binding efficiency of HcPro in a positive cooperative manner. In a separate experiment, when the native and HcPro N182L mutant proteins were incubated with increased amounts of sRNA, it was observed that they could bind up to six times more sRNA (180 pmol) as compared with native HcPro (Fig. 3c ). The increase in sRNA binding capacity, as well as the more rapid binding of sRNA by the mutant HcPro, can be attributed to the cooperative nature of the ligand binding due to alterations in the 3D structure. The structural changes in the mutant protein did not hamper HcPro self-interaction, but may have created an allosteric groove which contributed to the cooperative ligand binding of the protein.
N182L affects RNA silencing suppression activity
Since the HcPro N182L protein showed a significant increase in sRNA binding potential, the RNA silencing suppression activity of the protein was examined. To evaluate the systemic RNA silencing suppression activity of HcPro, the expression of GFP in transgenic plants infiltrated with binary vectors expressing GFP +/2 tobacco rattle virus (TRV) expressing HcPro was monitored by visual inspection of the plants under UV illumination for GFP fluorescence (Fig. 4a) . Nicotiana benthamiana line 16c plants, when infiltrated with GFP-expressing constructs, showed systemic RNA silencing 20 days after infiltration. N. benthamiana 16c plants showed inhibition of systemic RNA silencing when agro-infiltrated with TRV expressing HcPro or HcPro N182L along with the binary construct of GFP [ Fig. 4a(iii, iv) ]. Interestingly, TRV-mediated expression of HcPro N182L resulted in greater inhibition of RNA silencing (2.5-fold) as compared with the native protein, which was further validated using quantitative PCR (qPCR) and Western blotting [Fig. 4a(vi, vii) ].
Along with the increase in RNA silencing suppressor activity, the HcPro N182L protein had a major impact on plant growth. When HcPro and HcPro N182L were expressed systemically in the plant, there was notable and serious inhibition of developmental growth (Fig. 4b) . The plants agro-infected with TRV2-HcPro N182L showed stunted growth, with reduced leaf surface and chlorosis. The internodal distances in these plants were observed to be very short, which resulted in dwarfing of the plants in comparison with plants agroinfected with TRV2-HcPro. This suggests that the N 182 mutant of HcPro affected the sRNA-mediated silencing pathway involved in plant development by binding to a high level of sRNAs. It is well established that viral suppressors of RNA silencing-mediated disturbances in the intrinsic RNA silencing pathway have an inhibitory role in plant development (Chapman et al., 2004; Dunoyer et al., 2004) . It was reported earlier that P1/HcPro of TuMV interferes in Arabidopsis development and microRNA functions (Kasschau et al., 2003) . The silencing suppression activity of the protein was proven to be the cause of these developmental defects. In the present study, the sRNA binding activity and silencing suppression activity was observed to be increased by the mutation created. This may be the cause of the severe developmental defects observed in the tobacco plants.
The increase in RNA silencing suppression activity in the case of HcPro N182L could be explained by the increase in the sRNA binding potential of the protein. We hypothesize that the induced structural changes caused by the mutation enabled the protein to bind more sRNA more rapidly. It has been shown in previous studies that sRNA binding is a common strategy to suppress RNA silencing for several viral suppressors (Lakatos et al., 2006) . It has also been shown that different RNA silencing suppressors from various plant viruses can inhibit various steps in RNA silencing. Mutational analysis of the FRNK domain of zucchini yellow mosaic virus has revealed the importance of the positively charged arginine and lysine residues in sRNA binding and their impact on symptom development (Shiboleth et al., 2007) ; however, the RNA silencing suppression activity remained unaffected. The present study demonstrated a very different impact of a mutation within the conserved FRNK box, where the replacement of the most conserved residue (asparagine) both increased the RNA silencing suppression activity and affected plant development. These results demonstrate an important role of the asparagine (N 182 ) residue in maintaining stringent regulation of the threshold of sRNA binding between two positively charged amino acids and the negatively charged sRNA duplexes in their native conformation.
The HcPro mutation affects cellular distribution of the protein
The native HcPro and HcPro N182L proteins, when expressed from a binary vector in N. benthamiana plants as fusions to GFP, showed differential distribution in plant cells. Using confocal microscopy, imaging of the fusion proteins showed that the native HcPro protein was distributed in both the nucleus and the cytoplasm, whereas the mutant HcPro N182L was found to be localized in cytoplasmic inclusion bodies (Fig. 5a ). Both proteins were found in similar quantities in the infiltrated leaves, as shown by Western blotting (Fig. 5b) .
Localization studies of different potyviral HcPros have revealed their localization to be primarily in the cytoplasm (Zheng et al., 2011) , but electron microscopy studies using immunogold labelling have shown nuclear inclusions of HcPro in vivo, as in the case of beet mosaic virus and tobacco etch virus (Reidel et al., 1998) . Previously, our group had shown nuclear localization of PRSV-HcPro by GFP tagging (Sahana et al., 2012) . In the present study, HcPro was found both in the cytoplasm and nucleus but the mutant HcPro N182L was found only in cytoplasmic inclusion bodies. The presence of viral components in cytoplasmic aggregates has recently been studied in detail, and it has been suggested that the formation of such aggregates could be a result of the cellular antiviral response (Lloyd, 2012) . Viral components may interact with stress-related cytoplasmic RNA aggregates, like small RNAs, and form RNA-protein complexes. This in turn affects the cellular homeostasis of small RNAs and severely alters plant growth. As a cellular antiviral response, the mutant protein HcPro N182L might be directed to cytoplasmic inclusion bodies. An alternative explanation for the presence of the mutant HcPro in cytoplasmic inclusion bodies is the formation of higher levels of homooligomer aggregates favoured by alterations in the 3D structure. The HcPro of potyviruses plays multiple roles in virus replication, movement, aphid transmissibility and further functions. All these activities may be affected by the confinement of the mutant to inclusion bodies, which imposes several disadvantages for virus establishment in host cells. This may be one reason for the non-occurrence of this mutant during natural evolution.
Previous studies indicate that HcPro suppresses RNA silencing via interaction with one or more cellular proteins that are either components of the silencing machinery or regulators of the pathway. Thus, HcPro could block at a crucial step upstream of accumulation of the sRNAs (Mallory et al., 2001) , or during loading of sRNA duplexes into RISC complexes. Interestingly, sRNA biogenesis occurs in the nucleus (Castel & Martienssen, 2013; Vazquez & Hohn, 2013) and their processing and silencing activity through RISC takes place in the cytoplasm. Some of the sRNAs return to the nucleus to function in transcriptional gene silencing, required for developmental processes. Since HcPro N182L is localized in cytoplasmic inclusions and has very high sRNA binding potential, the sRNAs may be trapped in the cytoplasm and fail to return to the nucleus for transcriptional gene-silencing activities such as methylation, or fail to act as mobile silencing signals (Mallory et al., 2001) . This study suggests that mutant HcPro may affect the RNA silencing pathway at both the nuclear and cytoplasmic level.
Our results reveal a possible novel function of the FRNK domain in governing the cellular localization of the protein.
The mutations in the asparagine residue of the FRNK box can result in a change in the 3D structure, which favours homo-oligomerization and hence accumulation in aggregates. This would restrict the movement of the protein, and impair other functions of this multifunctional protein that are important for virus establishment. This inhibition of the protein would impose several disadvantages on systemic movement and replication of the virus (Atreya & Pirone, 1993) . In addition, because HcPro N182L also showed positive co-operativity in sRNA binding, this mutation would appear to be very beneficial to the virus in its establishment in the host and probably occurred in some naturally virulent strains of potyviruses; however, N 182 is found to be conserved among all the variants of potyviral HcPro. One reason for this may be that this asparagine residue is involved in maintaining particular structural characteristics required for nucleic acid recognition and binding. An alteration in the polar nature of the protein at N182, and an increase in hydrophobicity via a N182L mutation, resulted in considerable changes in sRNA binding ability hence affecting RNA homeostasis in the cell, which is crucial for development. Hence, our study shows that the strict regulation of the N 182 residue of the FRNK box on sRNA binding activity is critical for virus establishment and indispensable throughout the evolution of the virus.
From the present study it may be suggested that N 182 remained conserved among various potyviruses throughout their evolution, because it is indispensable for the cellular localization of HcPro in carrying out multiple functions enabling virus establishment. Its conservation also favours the maintenance of sRNA homeostasis in the plant cell. There is also a possibility that it plays a role in the nuclear localization signal for the HcPro protein, but this needs further confirmatory studies. This study also suggests that HcPro plays a role in controlling gene silencing at both the nuclear (sRNA-mediated methylation) and cytoplasmic (through mobile silencing signals) levels.
METHODS
Plasmid constructions. To generate the HcPro N182L mutant, mutagenic primers FRNK F and FRNK R were developed using the PRSV HcPro sequence (GenBank accession no: DQ855428.1), and a point mutation at the HcPro-FRN 182 K domain was generated by PCR-mediated site-directed mutagenesis. The mutation was confirmed by sequencing. For the yeast two-hybrid assay, the full-length coding sequences of HcPro and HcPro N182L were amplified by PCR using the primers HcPro-EcoRI F/ HcPro-PstI R and HcPro-BamHI R. The PCR products were then ligated into the yeast vectors pGBKT7 (BD) and pGADT7 (AD), following digestion of these plasmid vectors by EcoRI/PstI and EcoRI/BamHI, respectively. For localization studies, HcPro and HcPro N182L were cloned into the vector pROK2-GFP (González et al., 2010) to generate GFP-HcPro and GFP-HcPro N182L , using HcPro-BamHI F/ HcPro-BamHI R primers. For electrophoretic mobility shift assays, the native and mutant HcPro were expressed in bacterial systems, after ligating the HcPro and HcPro N182L genes into the pMAL expression vector (pMAL protein expression and purification system, NEB), using the primers HcPro-EcoRI F and HcPro-PstI R. For transient assays of RNA silencing suppression, HcPro and HcPro N182L were amplified by PCR using the primers HcPro-EcoRI F and HcPro-BamHI R. The PCR products were then restriction digested with EcoRI/BamHI and ligated into the TRV2 vector.
Yeast two-hybrid assay. To determine the self-interaction potential of the HcPro and HcPro N182L proteins in the pGADT7 (AD) and pGBKT7 (BD) vectors, the plasmids containing wild-type or mutant HcPro sequences were co-transformed in Saccharomyces cerevisiae (strain AH109) using an EZ-Yeast transformation kit (MP Biomedicals). Transformants grown on auxotrophic double dropout media (SD/ 2Leu/2Trp) were confirmed by colony PCR using their respective primers. The co-transformed colonies from double dropout plates were streaked on quadruple dropout agar media (SD/2Leu/2Trp/2Ade/ 2His+x-a-gal). The colonies in which interactions of proteins of interest occurred were able to survive and grow on quadruple dropout agar media as blue-coloured colonies.
Structure predictions. The three-dimensional structures of HcPro and HcPro N182L were predicted using the Phyre server, with domain analysis and multiple template ab initio modelling (Kelley & Sternberg, 2009 ).
In vitro sRNA binding of PRSV HcPro and gel-shift mobility assays. To investigate the role of HcPro and HcPro N182L in the RNA silencing suppression pathway, the corresponding genes were ligated into the vector pMAL-c2X and bacterially expressed from a 'tac' promoter as a MBP-HcPro fusion protein (Mangrauthia et al., 2009) . The fusion proteins were affinity-purified by chromatography and the purified fusion proteins were analysed by 12 % SDS-PAGE and also were quantified by the Nanodrop method. Double-stranded miRNA171 (miR171 and its complement) was formed by mixing equimolar amounts of chemically synthesized small single-stranded RNAs (miRNA 171 and miRNARc), boiling them and then cooling to room temperature. For in vitro protein-RNA binding assays, 30 pmol of synthetic miRNAs were incubated with different concentrations of dialysed protein(s) and in a temperature gradient in 10 mM Tris/ HCl, pH 7.5, 1 mM MgCl 2 , 1 mM dithiothreitol and 50 mM NaCl. Protein-RNA complexes were analysed in 2 % agarose gels in Tris/ acetate buffer as described by Rakitina et al. (2006) . RNA bands were visualized by ethidium bromide staining and quantified using an Alpha Imager version 6.0.
Transient expression of genes in plant tissues. Cultures of Agrobacterium tumefaciens strain GV2260 containing plasmids pTRV1 and pTRV2 were grown overnight at 28 uC. For infiltration, each bacterial culture harbouring a different T-DNA was diluted to a final OD 600 of 1.0 with infiltration buffer (10 mM MES, 4 mM acetosyringone and 10 mM MgCl 2 ). At the time of inoculation, the Agrobacterium cultures containing pTRV1 and pTRV2 (the latter with different gene inserts) were mixed in a 1 : 1 ratio and infiltrated into two lower leaves of 1-month-old N. benthamiana 16c plants using a 1 ml needleless syringe alone or with pROK-GFP carrying Agrobacterium (strain C58) to induce suppression of transgenic GFP The presence of GFP-tagged protein (GFP molecular mass is 27 kDa and HcPro protein molecular mass is 52 kDa) levels was analysed by Western blotting using a rabbit anti-GFP antibody (1 : 1000). Rubisco was used as loading control, highlighted in the lower panel by Ponceau staining.
expression. The transcript expression levels of the infiltrated DNA were checked by qRT-PCR quantitative using GFP-F and GFP-R primers and Western blotting using an anti-GFP antibody. These plants were also observed for their phenotype. For localization studies, Agrobacterium cultures of strain C-58, each carrying a binary vector with GFP fused to the proteins of interest, were infiltrated into leaf tissues of N. benthamiana. Epidermal cells of infiltrated tissue were monitored for fluorescence. Imaging was performed with Leica SP1 and SP2 (Leica Microsystems) confocal laser scanning microscopes, using fresh, non-treated leaf tissues and either waterimmersion or water-dipping objectives (Canto et al., 2006) .
Plant protein extraction and Western blot analysis. For protein extraction, 0.1 g of infiltrated tissue was ground to a powder in liquid nitrogen. Total plant proteins were then extracted with PBS and quantified by Bradford assay (Bradford, 1976 ). An equal volume of 26 Laemmli loading buffer, pH 6.8 (containing 1 % 2-mercaptoethanol and 1 % SDS) was added before boiling and an equal concentration of proteins were fractionated by 12 % SDS-PAGE. Proteins in the gel were wet-blotted onto nitrocellulose membranes. For immunological detection of GFP, a rabbit anti-GFP polyclonal antiserum (Sigma) was used. Blotted proteins were detected using commercially available alkaline phosphatase-conjugated anti-rabbit secondary antibodies and Fast BICP/NBT substrate (Sigma).
